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In this issue of Structure, Jian et al. (2015) report the crystal structures of the apo- and dibutyryl-PI(4,5)P2
bound forms of the PH domain from the ARF GAP, ASAP1. This PH domain has two anionic phospholipid
binding sites proposed to work in concert to regulate ASAP1 GAP activity.The translocation of a protein from solu-
tion (e.g., cytosol) to a specific orientation
on a biological membrane can have a
huge impact on its structure, apparent af-
finities for binding partners, and activities.
This transient ‘‘solid phasing’’ is so impor-
tant in cells that a number of different
mechanisms and domains have evolved
specifically to accomplish it. In one sce-
nario, specific post-translational modifi-
cations like acylation (e.g., N-myristoyla-
tion) or isoprenylation (e.g., farnesylation)
modulate the strength or stability with
which the associated proteins bind to
membranes, although they endow little
specificity for the membrane. An alterna-
tive scenario that displays more speci-
ficity depends on protein-protein inter-
actions as a way to recruit a soluble
protein onto a membrane-localized com-
plex. A third mechanism involves the
binding of a protein, or domain within it,
to one or more lipid components of a
membrane, with varying degrees of spec-
ificity. There are at least ten different
phospholipid binding domains that share
overlapping sets of lipid binding partners
(see review by Lemmon, 2008), with
some of them, like the pleckstrin homol-
ogy (PH) and C2 domains, present in
more than 100 proteins in the human
proteome.
When these different means of mem-
brane association are combined in a
multi-domain protein, one can generate
complexity and specificity to both the
regulated translocation of the protein
onto a membrane and of its structures
and activities. This is the case with
the 140 kDa ADP-ribosylation factor
(ARF) GTPase-activating protein (GAP),
ASAP1, which contains at least sixdifferent domains: N-terminal BAR, PH,
ARF GAP, ankyrin repeat, proline-rich,
and C-terminal SH3 domains. More than
15 years of study of the isolated domains
and intact protein have generated a
model for the mechanisms by which
ASAP1 regulates cell migration and for-
mation of invadopodia and podosomes.
The latest piece in this puzzle is found in
the results from Jian et al. (2015), in which
they show that the PH domain has two
different binding sites with different spec-
ificities for phospholipids and that this
domain is critical to the regulation of
the only enzymatic activity known for
ASAP1, its ARF GAP activity.
PH domains share a core architecture
with a b sandwich/barrel capped at one
end by an a helix (Lemmon, 2008) that is
typically distal to the site(s) of membrane
association. At the other, uncapped end
three hypervariable loops (b1/b2, b3/b4,
and b6/b7) contribute to functional diver-
sity and specificity. Some PH domains
have been implicated in membrane
recruitment through binding of anionic
phosphoinositides in a ‘‘canonical’’ elec-
tropositive pocket located at the open
end of the b sandwich/barrel. These
include the phosphatidylinositol 4,5-bi-
sphosphate [PI(4,5)P2]-specific phospho-
lipase Cd PH domain (PLC-d; Figure 1)
and numerous other PH domains that
specifically bind PI(4,5)P2 or other phos-
phoinositides. In contrast, the spectrin
PH domain is the prototype for another
group of PH domains that bind phosphoi-
nositides at an adjacent ‘‘alternative’’ site,
located on the opposite side of the b1/b2
loop from which the PLC-d-type PH do-
mains bind (Figure 1). Moreover, many
PHdomains interact with proteins or otherStructure 23, November 3, 2015anionic phospholipids (e.g., phosphati-
dylserine or phosphatidic acid), either in
conjunction with or independent of phos-
phoinositides. Non-specific interactions
with charged and non-polar residues
proximal to the phospholipid binding
site contribute to membrane recruitment,
which in some cases further depends on
coincidence detection of lipid and protein
ligands, or two lipid ligands. Simultaneous
binding of anionic phospholipids to both
the canonical and alternative sites seems
like an obvious possibility but previously
has not been observed directly.
Enter ASAP1 and the intriguing obser-
vation that although PI(4,5)P2 binding to
the PH domain may not be the primary
determinant for membrane recruitment,
it nevertheless stimulates the ARF GAP
activity by four orders of magnitude with
a cooperative dependence on PI(4,5)P2
concentration (Kam et al., 2000). The
Jian et al. (2015) study offers several in-
sights into the underlying mechanism
based on the crystal structures and
NMR/biochemical experiments of the
ASAP1 PH domain alone and in complex
with dibutyryl PI(4,5)P2. In the complex,
both the canonical and alternative binding
sites are occupied by dibutyryl PI(4,5)P2
with orientations compatible in principle
with simultaneous binding in the context
of a lipid bilayer. Comparison with the un-
liganded structure identifies a conforma-
tional rearrangement of the b1/b2 loop
that exposes a non-polar isoleucine side
chain, which may be membrane proximal
or potentially partition into the hydrocar-
bon core. A structure-based mutational
analysis indicates that this isoleucine, as
well as basic residues from both phos-
pholipid binding sites, is important forª2015 Elsevier Ltd All rights reserved 1971
Figure 1. Canonical, Alternative, and Dual Binding Modes for Anionic Phospholipids
Canonical, alternative, and dual binding modes for anionic phospholipids illustrated by the structures of the PLC-d (1MAI), b-spectrin (1BTN), and ASAP1 PH
domains in complex with the head group of PI(4,5)P2 (PIP2). The PH domains are docked in hypothetical orientations with respect to a simulated phospholipid
membrane (Heller et al., 1993).
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Figure 2. Summary and Model for ASAP1 Functions and Interactions
A schematic of the six previously defined domains within the 140 kDa ASAP1 protein are shown (not to
scale) along with lists of interactors and presumptive functions below. A brief description of each is
included in the main text.
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ing. These and other observations sup-
port a plausible structural model for coop-
erativity in which rearrangement of the
b1/b2 loop during the first binding event
would enhance membrane affinity and
facilitate binding to the second site. How
cooperative PI(4,5)P2 binding to the PH
domain is communicated to the GAP
domain remains to be established, but it
is likely to involve reorganization of the
domain architecture (Luo et al., 2008;
Kam et al., 2000) and may include
changes in the BAR-domain-mediated
homodimerization of ASAP1. Whether
the dual occupancy mechanism applies
more broadly to other PH domains is
also an interesting hypothesis worth
investigation.
The Jian et al. (2015) work also adds to
the evidence of the intimate inter-connec-
tions between ARF and phospholipid
signaling. Activated (GTP-bound) ARFs
are direct activators of both phospholi-1972 Structure 23, November 3, 2015 ª2015pase D and phosphatidylinositol 4-phos-
phate 5-kinase. The former is implicated
in vesicle biogenesis as the product,
phosphatidic acid, lacks a head group
and is ideal for promoting bilayer defor-
mation at the neck of nascent vesicles.
The latter is the last enzyme in the biosyn-
thesis of PI(4,5)P2. Thus, the presence of
an activated ARFmay promote the gener-Elsevier Ltd All rights reservedation of this allosteric activator of the ARF
GAP, ASAP1, and thereby provide regula-
tion of the lifetime of the activated ARF.
There is also evidence that PI(4,5)P2 binds
directly to ARFs and could support the
activation process (Kahn et al., 1996).
Membranes from different organelles
have different lipid compositions so these
roles for PI(4,5)P2 or other lipids may also
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naling. And because ARF GAPs also
have effector functions (East and Kahn,
2011) and bind directly to PI(4,5)P2,
their actions too may be made more
specific by the lipid composition of each
membrane.
How do these new insights fit within
what we already know about the mecha-
nisms that govern ASAP1 behavior?
The model shown in Figure 2 is based
on the existing literature, much of it sum-
marized in Inoue and Randazzo (2007).
As mentioned earlier, ASAP1 contains
a number of well-defined domains, and
specific functions for individual domains
have been documented. For example,
the ASAP1 BAR domain binds the
Rab11 effector FIP3 (implicated in endo-
cytic recycling) and the RhoA exchange
factor GEF-H1 (implicated in podosome
formation) and mediates homodimeriza-
tion. ASAP1 activity resides within the
ARF GAP domain that is surrounded by
the PH domain and the ankyrin repeat
domain. Given that both the PH domain
and the ankyrin repeat domain impact
GAP activity, PH/ARFGAP/ankyrin repeat
are better viewed as a highly regulated
functional unit. Additional domains found
within ASAP1 are the proline-rich and
SH3 domains, each making specific con-
tacts with other proteins that are key to
ASAP1 localization and functions in dorsal
ruffling, podosome formation, and cellmigration (particularly in certain cancers
[Onodera et al., 2005]). The proline-rich
domain binds to the Src or Crk SH3 do-
mains and to cortactin, which in turn
forms a complex with paxillin. Finally, the
SH3 domain binds directly to focal adhe-
sion kinase (FAK) and Pyk2, each of which
are implicated in recruitment of the ARF
GAP and phosphorylate it, with conse-
quent changes in PI(4,5)P2 binding and
ARF GAP activities.
Finally, it is interesting to consider how
robust stimulation of GAP activity by
cooperative binding of dual PI(4,5)P2
ligands to the PH domain might play a
role in the cellular function of ASAP1. As
the authors of the study point out, cooper-
ative regulation of GAP activity could
confer switch-like behavior with exqui-
site sensitivity to a threshold level of
PI(4,5)P2. Thus, in principle, deactivation
of ARF GTPases could be synchronized
with spatial and/or temporal variations in
PI(4,5)P2 density to enhance the func-
tional specificity and fidelity of membrane
dynamic processes.ACKNOWLEDGMENTS
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